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Emphasizing  that  sustainable  development,  health,  social  security  and  renewable  energy  sources
implementation  are  inextricably  linked,  paper  examines  the  state  of the  art  of building’s  health  and
sustainability  relevant  technologies.  Sustainability  definitions,  relevant  criteria  and  indicators  related
to  healthy  buildings  have been  searched  and  studied.  Reviewed  is the  wide  range of  physically  sound
interdisciplinary  research,  results  of  which  are  new  knowledge  and  developed  synergetic  analyti-
cal/experimental  methods  that  lead  to a  sustainable,  healthy,  comfortable/productive  indoor  and  outdoor
environment.  Research  and  knowledge  based  building  intelligence  and  e-automation  are  elucidated  as
crucial technologies  and  techniques  for design,  construction  and  operation  of  sustainable  buildings.  Study
shows, that  qualitative  relations  and  relevant  comparative  evaluation  methods  between  indoor  environ-
mental  quality  and work  performance  or  health,  and  further  relation  of both  to the  energy  and  energy

efficiency,  are not  enough  neither  known  nor  searched.  Initiated  research  is  devoted  to the  healthy  and
sustainable  buildings  relevant  performance  modeling,  evaluation  methods  and  metrics  investigation,  and
determination  of  all relevant  interdependent  relations,  as well  as  determination  of  the  relevant  synergetic
sustainability  criteria  and  indicators.  Initial  results  of  related  research  are  presented.  Further  research
needs  are  outlined,  drawing  the  attention  on  the  role  of harmony  and  interdisciplinarity  in  synergetic
buildings  health/sustainability  study.
. Introduction

The global climatic changes and related consequences are more
nd more obvious, although, some scientists say it is impossible
o pin the blame for individual events from hurricanes to sand-
torms solely on human activities. In August 2003 the hot wave
corched EU countries claiming an estimated 35,000 lives (Euro-
urveillance, Volume 12, Issue 3, March 2007, Letter to the Editor).
n France alone, 14,802 people died from the searing temperatures
19 times the death toll from the SARS epidemic worldwide). In
he worst heat spell in decades, temperatures in France soared
o 40 ◦C and remained unusually high for 2 weeks. It would be
ot easy those temperatures to be explained by natural variations.
esources exhaustion and wastes generation/disposal are conse-
uences spread nearly uniformly around the world, and CO2 and
ther GHG emissions are more uniformly endangering the whole

lobe, showing that present rate of usage of the Earth’s resources
s unsustainable.
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E-mail address: jtkim@khu.ac.kr (J.T. Kim).
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oi:10.1016/j.enbuild.2011.11.013
© 2011  Elsevier  B.V.  All  rights  reserved.

According to the need to reduce GHGs emissions, buildings
should be evaluated based on their projected energy requirements
and emission of refrigerants. Buildings heating, ventilating, air-
conditioning and refrigerating (HVAC&R) systems contribute to
GHGs releases directly through commercial, industrial and resi-
dential air ventilation and energy-related effects, and indirectly
through the effect of refrigerant losses. The release-related contri-
butions to climate change are addressed by minimizing emissions
of refrigerants (that have global warming characteristics) from sys-
tems or processes into the atmosphere. The lowest release-related
impacts can be achieved by taking care on rigorous refrigerant
conservation measures during design, manufacture, installation,
operation, service, and recovery and final disposal. Energy-related
impacts – carbon dioxide and other GHGs releases can be reduced
by decreasing the energy consumption of equipment, systems, and
buildings – by controlling and modifying building operation and
user’s behavior. Both effects must be considered in a life-cycle envi-
ronmental analysis.

Primary are those factors that affect the energy consumption

in the operation of the building and its HVAC and other techni-
cal systems, during its useful lifetime in addition to the selection
of energy-efficient equipment. Very influential factors are facades
concepts and choices in building envelope alternatives, glazing and

dx.doi.org/10.1016/j.enbuild.2011.11.013
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
mailto:jtkim@khu.ac.kr
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enestration, types of building structure thermal mass and insulat-
ng materials, day-lighting and lighting control, natural ventilation
nd energy-recovery opportunities, and HVAC systems regimes and
perational modes such as temperature and air volume control,
otors and pump types of control, indoor and outdoor air quality

nd environmental protection.
All of these considerations have an impact on the HVAC require-

ents and resulting CO2 emission. Additional considerations in the
hoices (or options) in building design, construction and operation
re any excessive environmental consequences associated with
he production or manufacture of building components. Decision-

akers shall consider all environmental impacts prior to taking
ctions in response to climate change. It would be counterproduc-
ive to require that refrigerant substitutes have low global warming
otentials (GWPs), which at the same time may  result in higher
nergy requirements or compromised safety. Thus, integrated
ssessments and balance are needed in emphasizing environmen-
al issues to avoid solutions that remedy one problem at the
xpense of another.

There are many consequences of measures taken to move
oward sustainability in the creation of healthy buildings [3]. Tech-
ologies aimed at improving indoor environmental quality are
o be evaluated in terms of their total environmental impacts:
ndoor and outdoor, local, regional, and global. Increasing ven-
ilation and air-conditioning to improve workplace productivity

ay  yield net economic benefits, but can increase energy use and
dversely affects air pollution and increases GHG emissions. Hence,
ully holistic assessment methods and metrics are needed to prop-
rly assess building technologies [3].

Clean water resources are less and less available, as the amount
f water impounded behind dams has quadrupled since 1960.
ater withdrawals from rivers and lakes have been doubled

etween 1960 and 2005 [3].  In the same period, flows of reac-
ive (biologically available) nitrogen in terrestrial ecosystems have
oubled and flows of phosphorus have tripled [3].

Emphasizing that holistic approach assumes that sustainable
evelopment, health security, environment and social sustain-
bility and renewable energy sources (RES) implementation are
nextricably linked, this paper examines further more in depth the
tate of the art of building’s health and sustainability relevant tech-
ologies, sustainability definitions generally and relevant criteria
nd indicators related to healthy buildings – one step forwards with
he reference to the searched and studied earlier in [2].

. Sustainability criteria and indicators

The most widely accepted definition of sustainable develop-
ent is Development that meets the needs of the present without

ompromising the ability of future generations to meet their own needs
formulated by the World Commission on Environment and Devel-
pment in 1987). As engineers, environmentalists, policy makers,
nd others have gained experience, many have recognized a need
or practical definitions that can guide decisions about materials,

anufacturing processes in the product-development process, or
n evaluating project proposals and granting loans for projects. This
esulted in two kinds innovations of definitions: some with, and
ome without changing its intrinsic meaning. Variations and dis-
repancy in meaning related to the classical one are: tendency to
efine sustainability in the ways that suit particular application;

ts complex hierarchical character (in a certain level sustainability

ay  be in conflict with sustainability at higher levels); politiciza-

ion; presumptions that it is pure scientific concept and/or in the
cientific analysis – either redundant, ambiguous or in some cases
iewed as the paradox [1,2].
d Buildings 47 (2012) 12–18 13

The role of science in this field can be crucial. Scientific
knowledge shall help building the foundation and understand-
able formulations to support the goals of sustainable development,
through scientific assessment of current conditions and future
prospects for the Earth system. Related program areas, which are in
harmony with such conclusions are according to [1,13]: strength-
ening the scientific bases for sustainable management, enhancing
scientific understanding; improving long-term scientific assess-
ment; building up scientific capacity and capability.

In 1992, the world’s leaders adopted the principles of the Rio
Declaration and Agenda 21 as the route to sustainable development
in the 21st century. Thus, the importance of investing in improve-
ments to people’s health and their environment as a prerequisite
for sustainable development was recognized at the highest decision
making levels. Human health was highlighted as a central aspect of
sustainable development and determined as a main indicator of
the sustainable development/6/. Principle 1 of the Rio Declaration
stated, “Human beings are at the centre of concerns for sustainable
development. They are entitled to a healthy and productive life in
harmony with nature”. Commitment to securing human health and
a healthy environment has become widespread. The links between
development, environment and health have been integrated at the
global level by the World Health Organization and human health
has been determined to be the main indicator of sustainability.
Hence, health is to be a concern for every sector of society, not
just the health sector itself. Appropriate development must occur
in built environment, too, guiding for buildings healthy sustainable
development [6].

2.1. Sustainability criteria

In order to quantify criterions for the sustainability assessment
in any area or activity domain, of any project, system, building or
anything else, indicators are to be defined to meet this requirement.
Sustainability criteria, which are today dominant, in energy domain
use are as defined in [1]:

Strategic design.  The strategic design will require holistic planning
that meets and considers all interrelated impacts e.g. logistic, space
planning and resource planning. As regard the energy system, it
may  be interpreted as: mixed energy concept with optimization
of local resources, urban and industrial planning with transport
optimization, use of the renewable energy sources.
Optimized design.  The design optimization of the energy system
means the selection of the structure and design parameters of a
system to minimize energy cost under conditions associated with
available material, financial resources, protection of the environ-
ment and government regulations, together with safety, reliability,
availability and maintainability of the system.
Dematerialization of design.  This will imply that the energy system,
plant and equipment are designed with optimal use of information
technology in order to prevent duplication, prevent operational
malfunction, assure rational maintenance scheduling. Dematerial-
ization in the design may  be seen as the introduction of knowledge
based systems, use of virtual library, digitalized video, use of on-
line diagnostic systems, development of new sensor elements and
development of new combustion technologies.
Longevity of design.  Complex energy system is commonly com-
posed of different subsystems and individual equipment elements.
It has been recognized that the life tie of the elements and sub-
systems is not equal. In this respect optimal selection of the life

cycle for elements and subsystems may  lead to the retrofitting
procedure which will reflect need for the sustainable criterions
application. Examples for this criterion can be seen as: modu-
lar design of the subsystems, standardization of the elements,
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lifetime monitoring and assessment, co-ordination of suppliers
and buyers.
Life cycle design.  This will mean that the energy system and its
subsystems have to be designed to meet sustainability through
every stage of the life cycle. It is known that the energy system
is designed to work under different conditions in order to meet
load change, environment change, social change, etc. It is obvious
that there will be different cycles for each of the mentioned time
scale processes. In this respect the system has to fulfill its function
without failing to meet sustainability requirements.

.2. Sustainability indicators

According to the sustainability approach, established and
ystematically developed by Naim Afgan [1,8,13], sustainability
ndicators represent the measuring parameters for the compari-
on between the different states or structures of the system. The
nergy efficiency of the system is the indicator for the quality of
nergy use in observed system depending in short term on the effi-
iency of resources use and technology development status, and
n the long term on technology R&D results and science advances,
s well as social, cultural and mental changes. Distinct indicators
haracterizing changes, as defined in [1] are as follows:

Possible change indicator. Possible change indicator is character-
izing changes, which are determined by the maximum change
technically possible. If applied to the energy resource, it is a
difference between known resources exploitable with known
technology and current resource to be obtained with present tech-
nological capacity. Possible change indicator is a function of the
technology development in the resource discovery. This imply that
there are two means for the increase of the resources, namely the
additional investment for the new discovery and the new technol-
ogy for the resource exploration.
Current change indicator. Current change indicator is defined as
the resource consumption change of the respective resource. It
is known that the current consumption of the energy resources
strongly depend on the efficiency of energy use. Possible change in
the efficiency of energy use includes the efficiency of the primary
energy source conversion and second, the efficiency of the finale
energy use.
Resource indicator index. By definition, the Resource Index (RI) is
the ration between the Current Change Indicator and the Possible
Change Indicator. In essence it will represent the qualitative mea-
sure of the resource depletion. Also, it may  be interpreted as the
resource scarcity change due to the resource depletion.
Financial effect of resource use indicator. Financial effect of resource
use indicator reflects material balance of the respective primary
energy resource. In order to use it for the quality assessment of
the primary energy use, it has to be connected with the financial
effect resulting form its use.

he energy system is generally characterized by organizational,
perational, financial, resourceful, social and capacity building
roperties and its assessment and evaluation requires all properties
f the system to be taken into consideration. The contribu-
ion of each property to the General Sustainability Index is
efined with appropriately selected weighting coefficients. Graph-

cal presentation of the algorithm for sustainability evaluation and
etermination of the SI (Sustainability Index) of a complex system
ncompassing listed sustainability criteria and indicators is pre-
ented in [3].  If it is assumed that the Energy System Hierarchy

ESH) of indicators will meet condition:

(0) > m(1) >> · · ·m(t) > · · · > m(k) = 1, and m(0) = N0,

and m(1) = N1 and m(2) = N2 (1)
d Buildings 47 (2012) 12–18

the pyramidal hierarchy of energy system will be reduced to a
multi-criteria value of the fixed quality of complex energy systems
[3]. Related scheme given in/8/ shows graphical presentation of the
algorithm to be used in the evaluation of energy systems.

Data base, on the scheme, is collection of data comprising phys-
ical and chemical properties of the material and fuel, geometrical
characteristics of element, intensity of the processes, temperature
and pressure field within the element of the system, and other
characteristics of complex energy system which are of importance
for the determination of indices of “zero level”. The date base is
used for the calculation of the indicators of “zero level”, based
on the respective models which are obtained by the description
of the integral characteristics of the complex system. Next step is
the agglomeration of “zero level” indicators into indicators “level-
1”: resource indicator, economic indicator, environment indicator,
technology indicator, and social indicator which are formed as an
m (1)-dimensional vector. The mathematical operation used for
the formation of the indicators of 1-level and 2-level is called
aggregation and is defined by the linear additive function of the
components of the vector of 0-level and 1-level, respectively.

Review of the given listing and the algorithm scheme shows
that concerning buildings sustainability is missing indicator rel-
evant to the buildings indoor comfort and people health (indoor
environment acceptance indicator, health indicators, cultural, and
other). Integration of IAQ concerns in so-called sustainable designs
has suffered from a lack of comprehensive, science-based assess-
ment methodology for building environmental performance [3].
Further, criteria and indicators related to healthy buildings have
been searched and studied. By the series of the LAEL & CSHeB’s
wide range physically sound interdisciplinary research [15–22] has
been significantly advanced knowledge and developed synergetic
analytical/experimental models and methods that can powerfully
lead to a sustainable, healthy, comfortable, productive indoor and
outdoor environment.

Taking in account the LAEL’s voluminous research data, a graph-
ical presentation of the algorithm for the building’s sustainability
evaluation and determination of its holistic SI (Sustainability Index)
as of a whole complex system is presented in Fig. 1. It is improved
scheme given in [8] showing the evaluation algorithm of complex
building energy systems with the reference to the built – indoor
environment quality and people health in addition to the envi-
ronmental outdoor ambient criteria as shown in [8].  This is crucial
difference, because the scheme and related table in [8] treat health
as an element of social indicator, and as thus comfort and health are
not directly taking part in building’s construction, and HVAC and
other building’s technical systems, energy efficiency optimization.

3. Sustainability index (SI) definition and determination

SI definition. Sustainability index definition and processing
method will be here presented as given in [6].  According to [8]
when an alternative of the energy system technology is assigned
as the object, then all alternatives that are taken into consideration
are making the finite set of objects [5].

X = X(x(j)), j = 1, . . . , k (2)

where X represents the finite set of all objects; k represents the total
number of objects.

(a) Vectors X = (x1, x2, xm) of the total initial quality is needed for
the full assessment of the investigated object’s quality.
It is assumed that energy technology objects are identified
with vectors:

X(j) = (xi(j), . . . , xm(j)) (3)
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Fig. 1. Sustainability Index evaluation 

where i = 1,.  . .,  m;  j = (1,.  . .,  k), k represents the number of
objects under investigation and xi(j) is a value of the T-th ini-
tial parameter; xi for ‘j’-th energy technology object.Component
xi(j) of vector X(j) refers to the value of the initial quality (indi-
cator) xi of object x(j). The finite set of objects shows the base
for the fuzzy sets. The initial quality of the energy technology
object can be defined by the vector:

X(j) = (xi(j), . . . xm(j)) (4)

It is supposed that each value of the vector xi is necessary and
that the total value of the quality vector is sufficient for the fixed
quality of the energy object, respectively for the sustainability
assessment of configured energy object.

b) Forming vectors of specific energy object quality q = (q1,. . .qm)
Quality of the energy technology objects x(j), j = 1,. . .,k, is

defined by a number of specific quality q1,. . .qm, where each
is a function of a corresponding attribute (or initial parameters
of vector):

qi = qi(x(i)), i = 1, . . . , m (5)

where m is the number of the specific energy technology object
quality.

The function qi = qi(xi) may  be treated as a particular mem-
bership function of a fuzzy set of objects which are preferable
from the point of the ‘i’-th criterion‘s view. The quality level
(degree of preferability) of the ‘j’-th object is estimated by the
value qi(j) = qi(xi(j)) of function qi(xi) from the point of the ‘I’-th
criterion‘s view. The quality vector is an indicator defined with
a number of attributes reflecting its properties.

(c) The process of normalization of a specific quality
Normalization of specific criteria is done on the basis of initial

values of indices. Sustainability indices are not suitable for use

because they have different dimensions and interval of range
($/kWh, kg/kWh, kWh/$,. . .), and can thus not be compared.
With the normalization of sustainability indices, comparison
among indices is achieved.
thm of the building’s complex system.

(d)  Introducing the weight coefficient and choosing the vectors of
weight coefficientsThe weight-coefficient wi (i = 1,. . .,m)  shows
which importance is given to particular criterion qi when
the General Index Q(q;w) is formed. The weight-coefficient
0 < wi < 1, for each I = 1,. . .,m is called the relative “weight” of the
specific criterion qi. Specific quality qi has more influence on the
value of General Index Q(q) with increasing values of wi. Varying
coefficient wi, (wi = 1; wi = 0), the influence of qi = qi(xi) on the
General Index Q(q;w) is changed, and respective importance is
given to the specific quality qi at General Index forming. The
General Index method comprises formation of an aggregative
function with the weighted arithmetic mean as the synthesiz-
ing function defined as:

Q = ˙wiqi for i = 1, . . . , k (6)

where wi is the weight-coefficient elements of vector w; qi are
indicators of specific criteria.

Based on the presented procedure, the Sustainability Index is
defined as the General Index in form of an aggregative function
with weighted arithmetic means as the synthesizing function. It
is assumed that the Sustainability index is a linear agglomeration
function of the products between indicators and corresponding
weighting coefficients, which is presented in the form of addi-
tive convolution. If it will be adapted that each of the criteria is
weighted by the respective factor, the sum of criteria multiplied by
the corresponding factor will lead to the Sustainability Index.

Hierarchical character of indicators.  Concerning the Hierarchical
character of indicators, in order to develop appropriate tool for the
quantitative presentation of one complex system properties it is of
interest to introduce notion of the indicators which are measuring
parameters of the respective quality [8,13].  To introduce individual

indicators, it is necessary to describe the agglomeration procedure.

As different complexity elements are expressing the integral
property of energy system, for the determination of these elements
respective model are used based on the mathematical description
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ig. 2. Scheme of relevant indicators for sustainability assessment of a residential
uilding.

f the processes within the system. When the integral parameters
re formed and appropriate scale is defined, the proceeding step
n deriving quantitative values complexity elements is the agglom-
ration of the indicators. There may  be number of the indicators
evels, and each level will represent platform for the agglomer-
tion in order for the integral property of the energy system. In
rder to measure these integral properties it is necessary to govern
he respective scale of each component of the complex indica-
or.Presented method includes mutual relationship of all weighting
actors to be taken in account. Priority is to be given to the criteria by
eighting factor and should depend on an expert opinion. The goal

f future work, is to choose more sub-indicators and more objects
nd perform sensitivity analysis in order to obtain more accurate
alues of the total index of sustainability

SI determination.  A practical procedure of screening selection of
n energy indicator and sub-indicators determination for a resi-
ential buildings [14] is presented in Fig. 2. The economy indicator

s based on the elements including: energy unit cost sub-indicator
Ec1), heating load sub-indicator (Ec2) and efficiency sub-indicator
Ec3).Energy unit cost sub-indicator (Ec1) is the cost of energy per
nit of produced energy. For all chosen objects for this analysis, Effi-
iency sub-indicator (Ec3) is defined as thermodynamic efficiency
f the energy producing system. It is efficiency of conversion from
he energy resources to the final energy.The ambient – outdoor
nvironment indicator consists of three sub-indicators En1, En2
nd En3 showing, respectively emitted amounts of CO2, NOx and
O2 to the environment during production of the energy unit.The
ocial indicator is based on three sub-indicators Sc1, Sc2 and Sc3
iving a social picture of introduced household. In/8/Sc1 shows per-
entage of household income spent on a living space heating. Sc2 is
ncome per person in a household, and Sc3 is sub-indicator repre-
enting commodity of dwellers depended on “how much space per
erson is available in the object”.To obtain the unique assessment
uantity of various examined alternatives (there were four objects:
–D) by multicriterial analysis methodology, ASPID method was
sed (Hovanov, N. 1996). The procedure is based on a list of initial
alues of 9 chosen sub-indicators from three different groups of
ndicators and a list of 4 different options under investigation. Those
ub-indicators and options construct a matrix (xj

i
), i = 1,. . .,m = 9,

 = 1,.  . .,k = 4 where xj
i
is the value of ith indicator for jth option. The

rst level of calculation is to normalize all sub-indicators. Normal-
zation consists of determination of membership functions.qj

i
(xj

i
),

 = 1,. . .,m = 9, j = 1,.  . .,k = 4. For every indicator xi is necessary to fix
in  (xj

i
for i = const. and j = 1,. . .,k) and Max  (xj

i
for i = const. and

 = 1,.  . .,k) from all 4 initial values. In the study/14/linear normaliza-
ion was adopted and membership functions are given in a form:⎧⎪ 0, xj

i
= Min(xj

i
)

j
i
=

⎪⎨
⎪⎪⎩

(xj
i
− Min(xj

i
))

Max(xj
i
) − Min(xj

i
)
, Min(xj

i
)〈xj

i
〈Max(xj

i
)

1, xj
i
= Max(xj

i
)

(7)
d Buildings 47 (2012) 12–18

for every i = a, 1 < a < m and j = 1,. . .,k.The second level of sustainabil-
ity determination is to agglomerate specific criteria (normalized
sub-indicator values) in one value for each indicator group: eco-
nomical, environmental and social for each object. Agglomerated
values are obtained by using linear agglomeration function:

Q (q, w) =
∑

i

qiwi (8)

In the presented case priority was  given (by weighting factor w) to
the first of three sub-indicators from each indicator group and for
each object under consideration. The weighting factors are normal-
ized in a way that their sum is always equal to 1.At the third level
of calculation, General Index of Sustainability has been determined
as an additive function based on agglomerated values of economic,
environmental and social indicators for each object and weight-
ing coefficients in the condition on predefined constraints.For each
group of energy indicators in [14], a set of three sub-indicators
were defined: energy unit cost, heating load and efficiency sub-
indicators as the consisting elements of economic indicator. Also,
attention is focused on the environment aspect of the building
including CO2, SO2 and NOx environmental sub-indicators as the
consisting elements of environmental indicator. Special attention
was devoted to the social indicator consisting of: heating share sub-
indicator, family income per member of household and commodity
sub-indicator.Presented method includes mutual relationship of all
weighting factors taken in account. Priority is given to the crite-
ria by weighting factor and should depend on an expert opinion in
final results discussion and decision determination, dominant were
economic parameters in [14]. Thus, presented practical implemen-
tation of the SI determination method shows that the selection of
relevant indicators and sub-indicators themselves, as well as rel-
evant constrains, is pretty free, but has nearly decisive impact on
the final results.Consequently, attention is to be, in further study,
focused on the physically – scientifically more sound multicriterial
analysis, which will take in account, in addition to economic, envi-
ronmental and social sub-indicators, in calculating the total index
of sustainability, particularly indoor environment as indicator and
people comfort and health as sub-indicators.

4. Alternatives to approach sustainability relevant criteria
and indicators

In addition to the presented multi-criteria sustainability “met-
rics” including sustainability criteria, indicators and sustainability
index definition and processing, two  other methods deserve atten-
tion: the concept of the 2nd Law of thermodynamics or exergy
method [7,9] and the “emergy” approach or method [19]. In [7]
Birol Kilkis presents Exergy Aware Optimization and Control Algo-
rithm for Sustainable Buildings, and in [23] Robert A. Herendeen
presents Energy analysis and EMERGY analysis – a comparison.

The energy and entropy balance equations sets are ground for
the “exergy” balance, which includes the term of “consumption”
explicitly, by combining the two  equations and by introducing
the concept of “environmental temperature”. Exergy consumption
occurs as energy or mass disperses for their transfer into the system.
Exergy-balance and entropy-balance models of a system reveal that
it works as exergy is supplied, its portion consumed and thereby
the corresponding entropy is generated, and the generated entropy
is discarded into its environmental space. Emergy is a measure
of energy used in the past and thus is different from a measure

of energy now. The unit of emergy (past available energy use) is
called the “emjoule” distinguishing it from joules used for avail-
able energy remaining now. Scientifically emergy is equalized with
the “energy memory”.
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. Buildings and HVAC system health and sustainability

The most important options to delay fossil energy resources
otal exhaustion, to reduce pollution and to control climate
hange are renewable energy sources (RES) and low-carbon energy
echnologies combined with major improvements in end-use effi-
iencies. New breakthroughs in efficiency of energy conversion and
ransfer can be expected through miniaturization. Process inten-
ification is a measure of the amount of productivity that can be
ccomplished per unit volume. It occurs because miniaturization
ignificantly reduces the resistances to heat and mass transfer.
anufacturing processes developed in the frame of microelectronic

omponent production have been recognized as an innovative con-
eptual model to construct miniature mechanical systems able to
perate effective and efficient while making enormous reduction
n material and work use. New miniature energy systems, minia-
ure heat engines and heat pumps are in R&D, which is promising to
ring new systems architectures for high energy density flux trans-
er and control in building structures. Thus, miniaturization opens
evolutionary changes in energy conversion and transfer. Regarding
rospect for new technologies (including renewable energy sources
nd miniaturization) further development and implementation,
t is necessary to be aware that there is an important geological
imension of any major decision to plan broader installation of
ew systems – it is the geological availability of relevant materials
esources.

General environmental concern is driving expansion of all the
ES, but the pattern of uptake reflects the variations of political
nd geographic – meteorological climate, from country to coun-
ry. Potential investors need reliable information about efficient
nd cost-effective systems, design criteria and predictions of sys-
em’s long term useful energy gains and relevant energy economy.
n many cases, energy policy planners and decision makers hesi-
ate to introduce renewable energy sources RES in energy structure
nalysis because of hampered and limited access to reliable data
n developed technologies and engineering systems operation and
erformance monitoring data. Using new information technologies
ained and exchanged knowledge and experience shall become
nstrumental to the success of approaching sustainable buildings
nd sustainability generally.

LAEL and CSHeB at the Kyung Hee University is cover-
ng a wide range of interdisciplinary research topics connected
o healthy building physics aimed to acquire new knowledge
nd integrate and develop analytical versus experimental mod-
ls and methods (including design) that lead to a sustainable,
ealthy, comfortable/productive indoor and outdoor environment,
nd natural renewable energy sources implementation. Atten-
ion is on physical aspects and processes: indoor environment
uality, lighting, heating, ventilation and subjective evaluation,
ir-conditioning, physiological and visual experimenting, consid-
ring holistic approach to the building construction and quality of
uilding services as the essential. For example, light is essential
or human life. Influencing the well-being of people in a phys-
ological, psychological and biological way, it is one of the key
lements in designing buildings. Lighting study focuses on iden-
ifying/analyzing the parameters that lead to the creation of a lit
ptimal environment, requiring knowledge of all human related
spects of lighting and physics of both daylight and artificial light-
ng. The optimal integral design of a building requires bridging
aps and exploring synergies between light and the other physical
spects involved in buildings, as well as those between light and the
on-physical aspects of buildings as people health and comfort.
Hence, there is a need for building synergetic environmental
erformance – two-fold metrics with the reference to outdoor and

ndoor built environment concerning people health and comfort.
onsequently, it is necessary to develop methods and tools to assess
d Buildings 47 (2012) 12–18 17

buildings environmental performance. Indoor environment perfor-
mance characterize thermal comfort, indoor air quality, acoustics,
daylighting–lighting, and electromagnetic radiation. For the out-
door environmental performance energy is the main factor in most
of the studies, but there are some models which include energy
consumption associated with different indoor environmental con-
trol approaches and levels. However, fully integrated models, that
describe dynamic interdependence and interaction of the outdoor
energy related, and indoor health related environmental synergy
do not exist.

BPS simulations and buildings thermal behavior predictions
are reliable foundation for building’s energy efficiency intelligence
and e-automation, and are to be elucidated further as crucial
technologies/techniques for design, construction and operation of
sustainable buildings, or so called Green buildings integrally with
its distributed energy supply system, HVAC, lighting and other tech-
nical systems. Specific attention has to be drawn to the energy
supply system, particularly integrated clean energy – renewable
energy sources including storage, distribution and use.

Smart buildings take advantage of information exchange to
provide energy efficient, flexible, productive, and cost-effective
environment for building occupants. Its Energy management sys-
tems – EMS  and Building automation systems – BAS, that include
a “smart metering” component for electricity and other utilities
increase the energy efficiency performance capabilities, giving
facilities managers the information necessary to make better deci-
sions that can reduce overall energy use and costs. EMS  controlling
energy-consumption of building equipment can make it operate
efficiently and effectively.

With an aim to establish a holistic, fully relevant aggregated
evaluation – system for buildings health and sustainability, results
of related research are in preparation for presentation within the
new framework interfaced with the BPS – building thermal perfor-
mance modeling, integrating further fully with: total indoor and
outdoor environment quality; total energy HVAC and water flow
domains within the architectural modeling. Attention has been
drawn on the key role of interdisciplinarity in sustainability study
and on the crucial need to evaluate definitions of relevant indica-
tors and criteria as well as related methodological content itself
with an aim to develop integrated sustainable planning method-
ology, integrated sustainable systems designing, engineering and
management.

The study demonstrates that effective demand side integrated
resource planning, encompassing integrated sustainable healthy
building planning, combining new urban segments, implementing
renewable energy and materials sources, creative energy conscious
urban alterations, reconstruction and energy revitalisation, offer
excellent opportunities for application of the principles of sustain-
able development in the urban areas. Its general objectives are:
promotion of the integrated sustainable, healthy building engi-
neering approach, efficient energy use and resources conservation,
renewable energies and materials utilisation, as well as outdoor
and indoor environment and people health protection.

6. To reach sustainability via harmony and
interdisciplinarity

It has been shown that conventional business and policies
approaches to major global problems are making the world
unsustainable and urgent need has to be outlined for searching
economic possibilities, appropriate policies and market incentives,

for sustainable management of natural resources. Development
of renewable-energy technologies shall contribute saving natural
resources. Opening huge opportunities of economic and social rele-
vance, RES will also make the world less unsustainable. The balance
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as to be obtained between the developing countries reduction of
heir population growth rates and developed countries drastically
educed consumption and waste of natural resources.

Nonpathological development is development which respects
ll Man’s and Women’s needs as personalities – material and spir-
tual, emotional; a freedom of their own will, their right to live,
o work, to dress, to have home; their needs for goodness, love,
ordiality, their sense and striving for beauty, mercy, aspiration to
reativity. There is no hierarchy of priorities among these series of
eeds. Cruciallity of these needs is equal, and without either one
f numbered above we cannot find the harmony [2]. Inter- and
multidisciplinarity in sustainability phenomena mutual study is
ecessary to increase understanding of biophysical and physical
riorities. Determination of hierarchy of subsystem’s sustainability
nd relevant criteria definition taking in account direct interaction,
ndirect and cross interaction as well as possible impact of harmony
n the sustainability barriers, their identification and solutions.

Having in mind the evidence on certain pathological aspects
f the “wrong” of the extreme technological development, it is
ecessary to stress, that there is one way to reach sustainable devel-
pment – it is a way via harmony. The contrary idea – to war for
nergy sources, water and raw materials is leading to more extreme
ppositions and heavier conflicts, to entropically unavoidable explo-
ion of the orderly growing reach/poor extremes and ever-growing
isharmony.

Since the times of the Greek antiquity, the discussion of
armony was based on a fruitful understanding and profound

nter-connection of flows, relations, forms, quality and other funda-
ental categories of human experience. It was always a sign of the

uman spirit’s singular maturity and readiness to confront the most
ifficult problems. Approaching harmony new culture of ethics of
ustainability can be created. Studying harmony. Dialogue and coop-
ration between communities and countries and between different
conomic sectors, as well as greater efforts in research technology
nd development, are the tools to overcome the major challenges to
umanity and to ensure sustainability for current and future gen-
rations. Sustainability is, above all, a mental question and reflects
ur understanding of hierarchy of needs and of who  is responsible
or whom and for what in making sure that the world functions in

 productive, effective and sustainable way. Sustainable develop-
ent can be reliable only if it is based on a system of real human and

thical values. Such values system has to contain common elements
hich apply to every social, cultural and economic situation.

As final concluding remarks may  be summarized needs for
uture multidisciplinary, inter- and cross-disciplinary study on
ealthy sustainable buildings, interwoven with harmony and holis-
ic people health and well-being research [15–22] with following
oals:

To develop sustainable healthy buildings intrinsic synergetic
energy/people comfort and health relevant parameter deter-
mination and optimization based on the multivariate analysis,
encompassing building’s HVAC and other technical systems
[11,12].
To choose more physically sound relevant sub-indicators and
objects in order to obtain more accurate integral values of the
Total Index of Sustainability, and to go beyond – trying to approach

universal definitions of relevant quantities for the SI determina-
tion in its whole holistic complexity, based on the comprehensive
review of numerous research studies – theoretical and experimen-
tal ([4,10,15,22], and other).

[

[

d Buildings 47 (2012) 12–18

To conduct comparative analysis of the presented multi-
criterial method of the Sustainability Index determination
[1,2,8,13],  and the alternative approaches via 2nd Law of
thermodynamics–exergy method [7,9] and emergy method [19],
determine correlations of relevant quantities and eventually try to
go beyond and approach a generalization.
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